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PRESSURE-RESISTANT HULL FOR A
SUBMERSIBLE AND DESIGN METHOD
THEREFOR

RELATED APPLICATIONS

The present application 1s a U.S. National Phase of
International Application Number PCT/CN2021/087776,
filed Apr. 16, 2021, and claims priority to Chinese Appli-
cation Number 202010891815.9, filed Aug. 28, 2020.

TECHNICAL FIELD

The present disclosure relates to a submersible, and in
particular to a pressure-resistant hull for a submersible and
a design method therefor.

BACKGROUND

As the speed of ocean development continues to acceler-
ate, and the depth of exploration from near sea to far sea
continues to increase, various types of submersibles for the
purpose of operations are increasing and developing rapidly.
Their substantial utilizations include marine resource explo-
ration and development, scientific research, and military
exploration, salvage, and the like.

Submersibles are subjected to high pressure and low
temperature 1n the deep sea, and the flow of seawater will
also cause the sway of the submersibles. However, on the
contrary, the various mstruments and equipment equipped
by the submersibles often need to work under room tem-
perature and normal pressure, and the aquanauts’ living
conditions also need to be similar to that on the land surface.
Therefore, stringent requirements on the pressure-resistant
structure of the submersible are 1imposed. At present, the
pressure-resistant hulls of deep-sea submersibles are mostly
1n a spherical structure. The spherical hull are a symmetrical
hull 1n 1ts entirety, which 1s highly sensitive to defects. Thus,
a small 1mitial defect will also cause a rapidly decrease of
their bearing capacity. In addition, due to the monotonous-
ness of the pressure-resistant hulls, the aquanauts and the
mstruments and equipment co-exist 1n the same space, the
space uftilization of which 1s unreasonable, which 1s disad-

vantageous for the manufacture and maintenance of the
submersibles.

SUMMARY

Objectives of the disclosure 1s as follows: 1n view of the
above-mentioned deficiencies, the objectives of the present
disclosure are to provide a pressure-resistant hull for a
submersible, which can improve the bearing capacity of the
hull, and optimize the space structure, and to provide a
design method therefor.

The technical scheme 1s as follows: provided are a pres-
sure-resistant hull for a submersible and a design method
therefor, which includes unit hulls, reinforcing ribs, con-
necting channels, and closure heads. A plurality of the unit
hulls are provided, which are sequentially strung together
spiralling upward or spiralling downward. The closure heads
are arranged on a unit hull at a first position and a unit hull
at a last position respectively. An observation window are
arranged on each unit hull respectively. Each adjacent two
unit hulls 1n a horizontal direction are respectively con-
nected by means of a reinforcing rib, and the at least two
connecting channels are arranged between each adjacent two
turns of unit hulls 1n a vertical direction.

10

15

20

25

30

35

40

45

50

35

60

65

2

Further, each unit hull 1s a hollow spherical hull-shaped
structure, and an outer surface of the hollow spherical
hull-shaped structure 1s provided with two connecting tan-
gent planes arranged opposite to each other.

Further, two connecting channels are arranged between
each adjacent two turns of the unit hulls, and are respectively
arranged at an 1nitial position and a middle position 1n a
spiralling direction between the adjacent two turns of the
unit hulls.

Preferably, two unit hulls at the first positions of each two
adjacent turns are communicatively connected to each other
through one connecting channel, and two unit hulls at the
middle positions are communicatively connected to each
other through the other connecting channel.

Further, a number of turns of the spiral arrangement of the
unit hulls 1s at least three.

Further, each remnforcing rib 1s 1n an annular structure.

Further, a material of the unit hulls 1s Carbon Fiber
Reinforced Plastic.

Further, a material of the unit hulls 1s ultra-high-strength
steel.

Preferably, a strength of the unit hulls 1s greater than 1000
MPa.

A method for designing the above-mentioned pressure-
resistant hull for the submersible includes the following
steps.

In Step one, parameters for an equivalent annular hull are
set.

The parameters for the equivalent annular hull include a
rotation radius R, an annulus-section radius r, a working
pressure P_, an elastic modulus E and a Poisson’s ratio p.

In Step two, a thickness t of the pressure-resistant hull 1s
calculated according to a jordan formula, a calculation
formula of which 1s as follows:

P, =0.173 SE{

(1/r)’ 2l
(R/P_)z(l—#)} -

In Step three, each unit hull 1s taken as a spherical hull,
and parameters for the unit hulls are set.

The set parameters for the unit hulls include an elastic
modulus E,, a Poisson’s ratio u,, a thickness t, of the

spherical hull, and a radius r; of the spherical hull, where
E,=E, u,=u, t;=t, and r,=r.

In Step four, parameters for the reinforcing ribs are
designed.
The parameters for the reinforcing ribs include a radius R
of a spiral line, and a pitch B of the spiral line, where R =R,
and B>2r.

In Step five, a rotation angle 9 1s calculated according to
the spiral line equation, a calculation formula of which 1s:

X = acosf
y = asinf |

z = bh

where a=R,,

b > d
o



US 11,727,165 B2

3

-continued

(27R,)* + B*

\ RT + (%]2

In Step six, a number n of the unit hulls per turn 1s

calculated according to the rotation angle 0 said 1n Step five,
a calculation formula of which 1s:

360°

In Step seven, an external diameter D and an inner
diameter d, of the reinforcing ribs are calculated, a calcula-
tion formula of which 1is:

D =2(r+t;) sin &, and

d=D—-2t,,

where the intersecting angle 1s o, 30°<0<70°, and a thick-
ness of the reinforcing ribs 1s t..

In Step eight, a width L. of the reinforcing ribs 1is
calculated through a radial displacement formula of the
entire spherical hull under a hydrostatic pressure:

Psr%sinﬂ:(l — 1)

s :
( 2K

where P_ 1s a maximum working pressure of the pressure-
resistant hull at a working depth,

E 1s the elastic modulus of the pressure-resistant hull mate-
rial, which 1s equal to the value of the above-mentioned
parameter, and

u 1s the Poisson’s ratio of the pressure-resistant hull material,
which 1s equal to the value of the above-mentioned param-
eter:

a formula for the pressure exerted on the reinforcing ribs:

P, ricosx

Pr =
R oL,

P.ricosw 71 COS(Y
+ P, = PS( + 1);
2L, L,

and
a displacement formula at the external diameter of the
reinforcing rib:

PpD, [D}f +d?

S?‘ — — "
"2 D - ‘“]
and

1in order to meet the requirements for a deformation coor-
dination between the spherical hulls and the reinforcing ribs
to realize 0 =0, a calculation formula of L _ is:

1 COS(Y

L, =
r%sin&*(l — )

— 1
[Berdf ]
n, —H

D —d?

10

15

20

25

30

35

40

45

50

35

60

65

4

The beneficial effects are that: compared with the prior
art, the present disclosure has the advantages that adopting
the spiral intersecting structure facilitates the organic adjust-
ment of the number of the unit hulls, which has the better
space utilization rate, and 1s advantageous to significantly
expand the space. Compared with a cylindrical hull and a
common multi-sphere intersecting hull, the extreme load has
low sensitivity to defects, thereby increasing the axial rigid-
ity and improving the total pressure resistance, which has
high safety. By adopting the method of connecting multiple
sections of the identical hulls through flanges, the process 1s
relatively simple, and the manufacturing cost 1s reduced. At
the same time, the process of the design method 1s provided,
which facilitates the design of the submersible.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a schematic structural diagram of an
equivalent annular in the design method of the present
disclosure.

FIG. 2 illustrates a cross-sectional view taken along A-A
of FIG. 1.

FIG. 3 1llustrates a structure schematic diagram of a unit
from the design method of the present disclosure.

FIG. 4 1llustrates a cross-sectional view taken along F-F
of FIG. 3.

FIG. 5 1llustrates a front view of a pressure-resistant hull
from the design method of the present disclosure.

FIG. 6 1llustrates a top view of a pressure-resistant hull
from the design method of the present disclosure.

FIG. 7 illustrates a cross-sectional view taken along C-C
of FIG. 6.

FIG. 8 1llustrates a schematic front view of the present
disclosure.

FIG. 9 illustrates a schematic top view of the present
disclosure.

FIG. 10 1llustrates a side view of the present disclosure.

1. closure head; 2. unmit hull; 3. reinforcing rib; 4. obser-
vation window; 5. connecting channel.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

The present disclosure will be further clarified below 1n
conjunction with the accompanying drawings and speciiic
embodiments. It should be understood that those embodi-
ments are only used to 1llustrate the present invention and
not to limit the scope of the present disclosure.

As 1llustrated 1n FIGS. 8 to 10, provided 1s a pressure-
resistant hull for a submersible, which includes unit hulls 2,
reinforcing ribs 3, connecting channels 5, and closure heads
1.

Each unit hull 2 1s a hollow spherical hull-shaped struc-
ture, and the material of the unit hulls 2 1s Carbon Fiber
Remnforced Plastic or ultra-high-strength steel having the
strength greater than 1000 MPa. The outer surface of the
hollow spherical hull-shaped structure 1s provided with two
connecting tangent planes arranged opposite to each other. A
plurality of the unit hulls 2 are arranged, and are sequentially
strung together spiralling upward or spiralling downward.
The connecting tangent planes on two adjacent unit hulls 2
1n the horizontal direction form a joint and are connected to
each other by a reimnforcing rib 3 at the joint. The reinforcing
rib 3 1s 1n an annular shape. The closure heads 1 are arranged
on a unit hull 2 at a first position and a unit hull 2 at a last
position respectively, which are configured to close the
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connecting tangent planes without a joint. The number of
turns of the spiral arrangement of the unit hulls 1s at least
three.

Each umit hull 2 1s provided with an observation window
4 respectively. At least two connecting channels 5 are
arranged between each adjacent two turns of the umt hulls
2 1n a vertical direction. For example, two connecting
channels 5 are provided. Two unit hulls 2 at the initial
positions of adjacent two turns of the unit hulls 1n a vertical
direction are connected to each other through one connect-
ing channel 5, and two unit hulls 2 1n the middle positions
are connected through the other connecting channel 5.

Each unit hull of the pressure-resistant hull 1s a separate
individual space, while the unit hulls on each turn (layer) are
1n communication with one another, so that each turn (layer)
forms a larger individual space. Moreover, each turn (layer)
1s communicatively connected to each other through a
connecting channel, so that each turn (layer) 1s 1n commu-
nication with one another, thereby forming the pressure-
resistant hull.

The present pressure-resistant hull adopts the spiral inter-
secting structure to facilitate the organic adjustment of the
number of the unit hulls, which has the better space utili-
zation rate and 1s advantageous to significantly expand the
space. Compared with a cylindrical hull and a common
multi-sphere intersecting hull, the extreme load has low
sensitivity to defects, thereby increasing the axial rigidity
and improving the total pressure resistance, which has high
safety. By adopting the method of connecting multiple
sections of the identical hulls through flanges, the process 1s
relatively simple, and the manufacturing cost 1s reduced.

As 1llustrated 1n FIGS. 1 to 7, provided 1s a method for
designing a pressure-resistant hull for a submersible
includes the following steps.

In Step one, parameters for an equivalent annular hull are
set.

The parameters for the equivalent annular hull include a
rotation radius R, an annulus-section radius r, a working
pressure P_, an elastic modulus E and a Poisson’s ratio p,
where E=200 Gpa, u=0.291, R=110 mm, r=40 mm, and P =4
Mpa.

Step two, a thickness t of the pressure-resistant hull 1s
calculated according to a jordan formula, a calculation
formula of which 1s as follows:

(f/?")? y 1/3
(R/r)z(l -1

P, = 0.1738E{

whereby t=1.5012 mm 1s solved.

In Step three, parameters for the unit hulls 2 are set.

The set parameters for the unit hulls includes an elastic
modulus E;, a Poisson’s ratio p,, a thickness t of the
spherical hull, and a radius r; of the spherical hull, where
E.=E, y,=n, t,=t, and rl=r.

In Step four, parameters for the reinforcing ribs 3 are
designed.

The parameters for the reinforcing ribs 3 include a radius
R, of a spiral line, a pitch B of the spiral line, where R1=R,
and B>2r, taking B=85 mm.

In Step five, a rotation angle 0 1s calculated according to
the spiral line equation, a calculation formula of which 1s:

X = acosf
y = asinf,

z = hf
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where a=R,,

wherein the number of turns of the spiral arrangement 1s at
least three, where 6=36°.

In Step six, the number n of the unit hulls 2 per turn 1s
calculated according to the rotation angle 0 said in Step five,
a calculation formula of which 1s:

360°

where when 0=36°, n=10.

[n Step seven, an external diameter D, and an inner
diameter d_ of the reinforcing ribs 3 are calculated, a
calculation formula of which 1s:

D =2(r+ty) sin ¢, and

d=D -2t

where the intersecting angle 1s o, the intersecting angle o 1s
an 1mportant geometric parameter for a multi-sphere inter-
secting pressure-resistant hull. According to the experiment
of Kloppel and Jungbluth, 30°<a<70°, and a thickness of the
reinforcing ribs 3 1s t, where 0=45°, and tr=15 mm,
Dr=58.6915 mm, and dr=28.6915 mm are solved.

The buckling behavior of an entire spherical hull depends
on t/R, while the buckling behavior of a multi-sphere
intersecting pressure-resistant hull 1s further constrained by
the annular reinforcing ribs. The thickness and length of the
reinforcing ribs have a great influence on the multi-sphere
intersection. Therefore, 1n order to ensure that the mechani-
cal properties and stability of the spherical hulls of the
multi-sphere 1ntersecting pressure-resistant hull are not
affected after the intersection, the design concept of defor-
mation coordination shall be adopted when designing the
multi-sphere intersection, the objective of which i1s to make
the deformation of the part of the annular reinforcing rbs 1n
the intersection part consistent with the deformation of the
entire spherical hull.

In Step eight, a width L, of the reinforcing ribs 1s
calculated according to deformation coordination theory.

Through a radial displacement formula of the entire
spherical hull under a hydrostatic pressure:

P risina(l — p)
B 2K :

0

where P_ 1s a maximum working pressure of the pressure-
resistant hull at a working depth,

E 1s the Elastic modulus of the pressure-resistant hull
material, which 1s equal to the value of the above-mentioned
parameter;

u 1s the Poisson’s ratio of the pressure-resistant hull materal,
which 1s equal to the value of the above-mentioned param-
eter:

a formula for the pressure exerted on the reinforcing ribs 3:
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P.ricosa
2L,

P P.ricosa
= +
g 2L,

71 COSQY

+ 1);
L,

+ P =P5(

and
a displacement formula at the external diameter of the
reinforcing ribs 3:

. PrD, D? + d?
T 2E D2 -

and 1 order to meet the requirements for a deformation
coordination between the spherical hulls and the reinforcing
ribs 3, to realise 0.=0,, a calculation formula of L _ is:

'] COSY
L, =

rf sin(l — u)

[Df +d? ]
ler —H

D; -d;

The parameters are substituted to solve L ,=4.8689 mm.

Comparing the pressure-resistant hull of the present dis-
closure with a common spiral pressure-resistant hull:

1. Geometric Dimensions Selection:

The geometric dimensions of the pressure-resistant hull
obtained from the above-mentioned design method, are
shown 1n the following table:

-1

Number of
Model n B{mm) turns R (mm) r/{mm) t,(mm)
Spiral pressure- 10 85 3 110 40 1.5012

resistant hull

For the common spiral pressure-resistant hull, still taking
the spiral-line radius R,=R=110 mm, B=85 mm, the number
of turns 1s 3 turns, and according to the principle of equal
volume and thickness: t,=t;=1.5012 mm, and r,=35.7613
mm are solved.

The geometric dimensions of the common spiral pressure-
resistant hull are shown 1n the following table:

Number of

Model turns

R,{(mm) r,{mm) t,(mm) B{(mm)

110 3 35.7613 1.5012 85

Common spiral
pressure-resistant hull

2. Comparison of Bearing Capacities

In the embodiment, the bearing capacity of the pressure-
resistant hull of the present disclosure solved by adopting
the following method 1s obviously higher than that of the
common spiral pressure-resistant hull, and the specific solu-
tion method 1s as follows.

The elastic modulus E of the pressure-resistant hull mate-
r1al=200 Gpa, the Poisson’s ratio u=0.291, and the buckling
strength ¢ =680 Mpa.

In Step one, three-dimensional models are created, that 1s,
three-dimensional surface modeling 1s performed by utiliz-
ing the three-dimensional modeling software SolidWorks for
the pressure-resistant hull of the present disclosure and the
common spiral pressure-resistant hull.
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In Step two, meshes are divided, that 1s, the meshes of the
three-dimensional models 1n Step one are divided by adopt-
ing the software ansa, where the meshes are 1n a quadrilat-
eral shape, and the number of the meshes 1s about 10000.

In Step 3, the critical pressure 1s solved, that 1s, by
adopting the software Abaqus and calculating through the
Riks method, the meshes in each three-dimensional model 1n
Step two are compared, where the boundary conditions are
classical three-point boundary conditions, and the detailed
solving parameters of the Riks method are set as follows: the
initial increment 1s 0.2, the minimum increment 1s 107-50,
the maximum increment 1s 0.5, and the maximum increment
step number 1s 1000.

The bearing capacity calculation results are as follows:

Model Riks (MPa)
Common spiral pressure-resistant hull 0.79065
Spiral pressure-resistant hull 42.9378

It can be seen from the above table that the bearing
capacity of the present disclosure 1s significantly higher than
that of the common spiral pressure-resistant hull.

What 1s claimed 1s:

1. A pressure-resistant hull for a submersible, wherein the
pressure-resistant hull comprises;

unit hulls;

reinforcing ribs;

connecting channels; and

L,(mm) (%)

4.8689 45

closure heads;

a plurality of the unit hulls arranged, and sequentially
strung together spiralling upward or spiralling down-
ward;

the closure heads arranged on the unit hulls at a first
position and a last position respectively;

each unit hull provided with an observation window
respectively;

each adjacent two unit hulls 1n a horizontal direction
connected to each other by means of one of the rein-
forcing ribs; and

at least two of the connecting channels arranged between
each adjacent two turns of the umt hulls 1n a vertical
direction.

2. The pressure-resistant hull for the submersible accord-
ing to claim 1, wherein the unit hulls are in a hollow
spherical hull-shaped structure, and an outer surface of the
hollow spherical hull-shaped structure 1s provided with two
connecting tangent planes arranged opposite to each other.

3. The pressure-resistant hull for the submersible accord-
ing to claim 1, wherein two of the connecting channels are
arranged between each adjacent two turns of the unit hulls,
and are respectively arranged at an 1nitial position and a
middle position 1n a spiralling direction between the adja-
cent two turns of the unit hulls.

4. The pressure-resistant hull for the submersible accord-
ing to claim 3, wherein two unit hulls at first positions of the
each two adjacent turns of the unit hulls are connected to
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each other through one of the connecting channels, and two
unit hulls at middle positions are connected to each other
through another one of the connecting channels.

5. The pressure-resistant hull for the submersible accord-
ing to claim 1, wherein a number of turns of a spiral
arrangement of the unit hulls 1s at least three.

6. The pressure-resistant hull for the submersible accord-
ing to claim 1, wherein the reinforcing ribs are 1n an annular
structure.

7. The pressure-resistant hull for the submersible accord-
ing to claim 1, wherein a material of the unit hulls 1s Carbon
Fiber Remnforced Plastic.

8. The pressure-resistant hull for the submersible accord-
ing to claim 1, wherein a material of the unit hulls 1s
ultra-high-strength steel.

9. The pressure-resistant hull for the submersible accord-
ing to claim 8, wherein a strength of the unit hulls 1s greater
than 1000 MPa.

10. A method for designing the pressure-resistant hull for
the submersible according to claim 1, comprising following
steps:

Step one, setting parameters for an equivalent annular

hull:
the parameters for the equivalent annular hull include a
rotation radius R, an annulus-section radius r, a work-
ing pressure P_, an elastic modulus E and a Poisson’s
ratio y;

Step two, calculating a thickness t of the pressure-resis-
tant hull according to a jordan formula (P, ), a calcu-
lation formula of which 1s as follows:

(f/?‘)? y 1/3
(R/r)z(l _#2)2 >

P, = 0.1738E{

Step three, taking the unit hulls as spherical hulls, and
setting parameters for the unit hulls:
wherein the set parameters for the unit hulls include an

elastic modulus E;, a Poisson’s ratio u,, a thickness t;,
of the spherical hulls, and a radius r; of the spherical
hulls, where E,=E, u;=u, t,=t, and rl=r;

Step four, designing parameters for the reinforcing ribs:

wherein the parameters for the reinforcing ribs include a
radius R, of a spiral-line, and a pitch B of the spiral
line, where R;=R, and B>2r;

Step five, calculating a rotation angle 0 according to a
spiral line equation;

Step six, calculating a number n of umt hulls per turn
according to the rotation angle O mentioned in Step
five, a calculation formula of which 1s:
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Step seven, calculating an external diameter D_ and an
inner diameter d_ of the reinforcing ribs, a calculation
formula of which 1s:

D =2(r+t,) sin ,

d.=D -2t and

where an intersecting angle 1s o, 30°<o<70°, and a
thickness of the annular reinforcing ribs 1s t ; and

Step eight, calculating a width L of the reinforcing ribs,

through a radial displacement formula of an entire spheri-
cal hull under a hydrostatic pressure (0_):

P, risina(l — p)
- 2En ’

O

where P_1s a maximum working pressure of the pressure-
resistant hull at a working depth,

E 1s an Elastic modulus of a material of the pressure-
resistant hull, and 1s equal to a value for the said
parameter, and

u 1s a Poisson’s ratio of the material of the pressure-
resistant hull, and 1s equal to a value for the said
parameter;

a formula for pressures (P5) exerted on the reinforcing
r1bs:

P.ricosw
2L,

P P.ricosx
= +
g 2L,

71 COSKY
Ly

+ P =PS(

+1);

and
a displacement formula at an external diameter (0,) of the
reinforcing ribs:

. PrD; D? +d?
O = 2E Df_df )u?

and 1n order to meet requirements for a deformation
coordination between the spherical hulls and the rein-
forcing ribs to realize 0.=0,, a calculation formula of L,
1S:

| COS(Y

L, =
r% sina (1l — )

D? + d?

-1
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